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This study presents a method for assessing energy eﬃcient refurbishment options for schools in the UK. The method accounts for life
cycle eﬀects on cost and carbon emissions since refurbished buildings will last for many years.
Four schools are identiﬁed as representative of school archetypes built in the UK during four distinct periods in the 20th century. The
schools are used as a base for simulation of the eﬀects of energy eﬃcient refurbishment of building fabric and heating plant. All possible
combinations of the selected measures are simulated. Simulated energy savings are then compared between the four school buildings,
demonstrating how physical characteristics of the schools aﬀect the available savings. Simulating combinations of energy eﬃciency mea-
sures allow analysis of interaction eﬀects between measures, and reveals some positive and some negative interactions. A regression
model of energy savings in the four schools is also developed.
Simulated energy savings are then used as inputs for a life cycle assessment model. Life cycle indicators considered are marginal life
cycle cost and marginal life cycle carbon footprint. These metrics are used to rank the energy eﬃciency measures on net present value and
life cycle carbon footprint saving, both individually and in combination with each other.
Carbon payback is shorter than ﬁnancial payback in all scenarios, and all measures and combinations of measures repaid the carbon
invested in them. Positive net present value is less common, and frequently depends on air tightness improvements also being achieved.
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Public sector buildings in England were estimated to
have emitted 20.1 MtCO2e in 2009/10, equivalent to 9%http://dx.doi.org/10.1016/j.ijsbe.2014.07.002
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and Development.of UK emissions from buildings (Gill Bryan et al., 2011;
CCC, 2012). Of this total, schools were responsible for
3.0 MtCO2e (Gill Bryan et al., 2011). The government’s
carbon management strategy for the school sector sets a
target to cut school’s current emissions from energy use
by 53% by 2020 (DCSF, 2009). Although some of this sav-
ing will come from newly-built schools, retroﬁtting existing
buildings is one of the most cost-eﬀective ways of reducing
emissions (Enkvist et al., 2007).duction and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
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ies, each representative of an archetype commonly built in
the 20th century. The objectives are to identify viable ther-
mal energy retroﬁt measures (ERMs), to explore how these
ERMs interact with each other, and ﬁnally to reveal the
physical characteristics of schools which can predict the
viability of ERMs and packages of ERMs. This paper com-
pares the life cycle carbon footprint (LCCF) and life cycle
cost (LCC) of improving existing schools. Understanding
how refurbishment work undertaken today will aﬀect
future generations requires taking a life cycle approach,
since the buildings of today will last for many years.
It is important not to conﬂate the economic assessment
of LCC with environmental life cycle assessment methods
such as LCCF since they are diﬀerent tools (Gluch and
Baumann, 2004). However both are useful to decision mak-
ers where environmental impacts are a concern. It is of par-
ticular importance to recognise where the two objectives
are in conﬂict as a decision maker must then decide how
to balance competing objectives.
Previous studies have used dynamic energy simulation
to estimate the ﬁnancial viability of ERMs in non-domestic
buildings, mainly oﬃces. Some of these studies have looked
at LCC or payback period analysis of the ERMs (Beccali
et al., 1997; Hestnes and Kofoed, 2002; Chidiac et al.,
2011a,b). Other studies have looked at some or all of
embodied carbon, embodied energy and LCCF of energy
eﬃciency measures in non-domestic buildings, but most
are concerned with improving the design of new buildings
(Buchanan and Honey, 1994; Kofoworola and Gheewala,
2009; Scheuer et al., 2003).
2. Case studies
Schools built in the late 19th and 20th century account
for the majority of existing schools in the UK. Prior to
the late 19th century most schools were built to provide ele-
mentary education through monitored teaching to children
of workers in industrial cities. Most adopted local vernac-
ular styles (Harwood, 2010) and there was no uniﬁed style
which we would recognise as a typical school (Ringshall
et al., 1983).
The Education Act of 1870 brought a great change in
the UK education system. The state became the primary
sponsor of schools for compulsory education up to the
age of 10–12. All designs had to meet the strictures of the
Education Department for site, plans and cost approval
and thus, schools with standardised design were built.
Buildings from this era were repetitive, constructed mainly
in red brick with large timber sliding sash-windows for nat-
urally-lit classrooms and halls. Typical designs feature up
to a 3- or 4-storey superstructure with separate classrooms
around a central schoolroom or hall, and a covered play
area (see Fig. 1).
In the early 20th century, the outbreak of war saw a
freeze on development, and the inter-war economy of the
1920s and 1930s was eﬀectively bankrupt. This period alsosaw criticism of previous school designs on the grounds of
poor daylighting, ventilation and hygiene. The open air
school movement grew from the inﬂuence of continental
European schools where corridors were singly-loaded with
classrooms allowing better ventilation, day lighting and a
southerly orientation. The more formal central hall plan
began to change in favour of more asymmetric groups of
classrooms separated by function, usually of one- or two-
storeys, although the case study building is a larger four-
storey building (see Fig. 2).
Post-war increases in school populations and the need to
repair and replace obsolete and war-damaged buildings
necessitated The Education Act of 1944, which brought
immense changes in the objectives of education. New edu-
cation methods and user needs demanded new buildings,
and new functions coincided with new architectural forms.
Also, cost-consciousness required architects to seek eco-
nomic building methods (Ringshall et al., 1983). In order
to maximise teaching space, inner circulation was reduced.
As a result the architecture evolved as doubly-loaded cor-
ridors with classes on either side, restricting options for
window orientation and cross ventilation. Buildings from
this era were mainly ﬂat concrete roofed, prefabricated
concrete or lightweight brick structures with large steel sin-
gle glazed windows and deep plans with less importance
given to orientation (see Fig. 3).
A new building archetype was developed during the late
20th century, featuring a central atrium. These designs
were generally limited to double storey height. The atrium,
usually glazed from the top was used to trap solar energy
on cold days and distribute that heat in the form of warm
air into classrooms set oﬀ to the sides. This atrium also
acted as an additional space built at low cost. During sum-
mer, the atrium acted as a solar chimney collecting hot air
and exhausting it at the top. The classrooms also started
having roof skylights to improve daylighting and allow
for stack ventilation (see Fig. 4).
Four school buildings have been selected for this study
as representative of these four archetypal 20th century
school types. Their characteristics are presented in Table 1–
5.
3. Methods
3.1. Goal and scope
The intention is to explore LCCF and LCC implications
of retroﬁt options for a range of school typologies. The
goal is to establish which retroﬁt measures and combina-
tions of measures result in the greatest overall reduction
in the LCCF and LCC.
The functional unit used is 1 m2 of the schools’ gross
internal area (GIA). Although the life cycle inventory
(LCI) and life cycle impact assessment (LCIA) are con-
ducted on each school as a whole, results are normalised
by GIA in order to be able to compare the results of this
study with each other and with those in future studies.
Figure 1. Pre-war school prototype (School A), rendered view and top view (right).
Figure 4. Passive design (School D), rendered view and top view (right).
Figure 2. Inter-war school (School B), rendered view and top view (right).
Figure 3. Post-war school (School C), rendered view and top view (right).
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study is the additional carbon emissions generated during
the cradle to factory gate phase of materials’ production,transport to site, the change in carbon emissions during
the use of the retroﬁtted building, the emissions of disposal
at the end of life, and the corresponding stages for life cycle
Table 1
Representative school buildings.
Era 1870–1914 1914–1945 1945–1970 1970–1995
Representative building School A School B School C School D
Year of construction 1906 1936 1950s 1982
Storeys 4 4 4 1
Roof type Pitched Flat Flat Pitched
Gross internal areaa (GIA) m2 3841 4532 5290 931
Net internal areab (NIA) m2 2435 3034 3836 675
NIA:GIA () 0.63 0.67 0.73 0.73
Floor-to-ﬂoor height (m) 3.62 3.53 3.34 3.50
Roofs area (m2) 1256 1470 2041 829
Gross wall areac (m2) 2490 3875 2652 721
Net wall aread (m2) 2033 2537 1356 580
Ground ﬂoor area (m2) 1256 1471 2038 932
Windows area (m2) 457 1338 1296 141
Glazing:GIA () 0.12 0.30 0.24 0.15
Glazing:fac¸ade () 0.18 0.35 0.49 0.20
Skylight:roof () – – – 0.16
Surface:volume () 0.36 0.27 0.38 0.61
Perimeter:ground ﬂoor area (m/m2) 0.17 0.26 0.13 0.24
Boiler eﬃciency 80% 80% 80% 80%
a Gross internal area (GIA) is the sum of all conditioned ﬂoor areas.
b Net internal area is the GIA less the area of circulation, toilets, stores and reception areas.
c Gross wall area is the sum of all external wall areas.
d Net wall area is the gross wall area less the area of windows and doors.
Table 4
School C assumptions.
Element Description U value W/m2K
External wall type 1 230 mm Brick + 10 mm Plaster 2.22
External wall type 2 10 mm Render + 25 mm Wood + 25 mm Air Cavity + 100 mm Brick + 10 mm Plaster 1.51
External wall type 3 10 mm Spandrel Glass + 15 mm Air Cavity + 150 mm Brick + 10 mm Plaster 2.49
External ﬂoors 100 mm Concrete Slab, 7 mm Screed, 5 mm timber 1.86
External window glass 6 mm Single Glazing, SHGC: 0.8 5.66
Roof 10 mm Gravel + 5 mm Bitumen Felt + 200 mm Concrete Slab + 25 Air Cavity + 25 mm Plaster 2.68
Table 2
School A assumptions.
Element Description U value W/m2K
External walls 450 mm Brick + 20 mm Plaster 1.40
External ﬂoors Type 1 100 mm Concrete Slab, 7 mm Screed, 5 mm timber 1.86
External ﬂoors Type 2 100 mm Concrete Slab, Insulation (R = 0.15 m2K/W), 7 mm Screed, 5 mm timber 1.45
External window glass 6 mm Single Glazing, SHGC: 0.8 5.66
Roof 25 mm Slate Tile + 5 mm Bitumen Felt + 25 Air Cavity + 25 mm Plaster 2.27
Table 3
School B assumptions.
Element Description U value W/m2K
External walls 350 mm Brick + 20 mm Plaster 1.68
External ﬂoors 100 mm Concrete Slab, 7 mm Screed, 5 mm timber 1.86
External window glass 6 mm Single Glazing, SHGC: 0.8 5.66
Roof 10 mm Gravel + 5 mm Bitumen Felt + 200 mm Concrete Slab + 25 Air Cavity + 25 mm Plaster 2.68
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buildings are not considered as part of the LCI since they
remain unchanged. In change-oriented studies such as this
only the additional impacts should be considered since we
are interested only in the diﬀerence between the optionsand the baseline building (Baumann and Tillman, 2004).
Impacts which remain the same in all scenarios have there-
fore been excluded from the scope.
The scope of this study according to the stages standard-
ised in EN 15804 (BSI, 2012) is shown in Table 6.
Table 7
Summary statistics of the London Gatwick weather ﬁle.
Heating degree days 18.3 C 2968
Cooling degree days 18.3 C 44
99.6% Design temperaturea 5 C
0.4% Design temperatureb 27 C
Annual direct normal Solar 743 kWh/m2
Annual horizontal solar 1010 kWh/m2
Average wind speed 3.2 m/s
a 99.6% of hours exceed this temperature.
b 0.4% of hours exceed this temperature.
Table 5
School D assumptions.
Element Description U value
W/m2K
External wall 250 mm Brick + 20 mm Plaster 1.67
External ﬂoors 100 mm Concrete Slab, 7 mm Screed,
5 mm timber
1.86
External window
glass
6 mm Single Glazing, SHGC: 0.8 5.66
Roof 25 mm Slate Tile + 5 mm Bitumen
Felt + 200 mm Concrete Sloping
Roof + 15 mm Plaster
2.51
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For the purpose of comparability, a Gatwick weather
ﬁle is used for all simulations (ASHRAE, 2001). This
weather ﬁle is in ASHRAE climate class 4A (mixed humid).
Key statistics are presented in Table 7. All schools are
assumed to be run by a Local Education Authority
(LEA), meaning that they receive their funding from the
local authority and so may reclaim any value added tax
(VAT) on refurbishment works. Refurbishment scenarios
take all measures described in Section 3.1.2, and apply
them in all viable combinations giving a total of 1400 sce-
narios for each school.3.1.2. Energy retroﬁt measures
The ERMs considered in the simulations are a total of
four options for internal insulation, two options for external
insulation, one option for improved window glazing, one for
improved air-tightness, and one option for better eﬃciency
boilers (see Table 8). These measures were chosen since they
are all physical measures concerned with thermal perfor-
mance. Measures primarily concerned with operationalTable 6
Scope of life cycle carbon footprint and life cycle cost study.
Stage Covered in
LCCF
Covered in
LCC
A1 Raw material supply Yes Yes
A2 Transport Yes Yes
A3 Manufacturing Yes Yes
A4 Transport Yes – simple
percentage
Yes
A5 Construction, installation
processes-installation-process
– Yes
B1 Use – installed product – –
B2 Use Yes Yes
B3 Maintenance Yes –
repainting only
Yes –
repainting
only
B4 Repair – –
B5 Replacement Yes Yes
C1 Deconstruction, demolition – –
C2 Transport – –
C3 Waste processing Yes – partial –
C4 Disposal Yes –factors such as controls, or electricity use such as lighting and
appliance loads have been excluded from the current study.
3.1.3. Energy modelling
The four representative school geometries were mod-
elled in DesignBuilder 3.0 (DesignBuilder Software Ltd,
2011), and subsequently edited to conduct dynamic energy
simulation of a range of ERMs using EnergyPlus v. 7.2
(US DoE, 2010) and jEPlus v. 1.4 (Zhang and Korolija,
2010) running on servers hosted at De Montfort Univer-
sity. EnergyPlus, developed for the United States Depart-
ment of Energy, is a collection of code modules which
calculate the required heating and cooling energy for a
model building based on ﬁnite diﬀerence equations for sur-
face and air heat balance. It simulates both the conditions
of the building itself, and the response of its energy services
when operated in a speciﬁc environment and under speciﬁc
operating conditions. For details of the heat balance and
fuel consumption equations governing EnergyPlus simula-
tions, the reader is referred to the comprehensive Energy-
Plus Engineering Reference document (US DoE, 2013).
Building geometry, construction materials, mechanical
and lighting systems, along with other equipment that con-
sume energy are included in the model. Zones within the
schools are allocated to one of nine categories – oﬃces,
classrooms, toilets/utilities, assembly halls, circulation,
kitchens, workshops, laboratories, computer rooms and
sports/ﬁtness. Environmental and occupancy inputs
derived from the NCM (NCM, 2011) as used in UK Build-
ing Regulations. Calculations are given in Table 9 and
Table 10. It should be noted that these are signiﬁcantly
higher values than the defaults found in DesignBuilder,
particularly for ventilation and activity levels.
The daily patterns of the occupants and their activity
levels are then added, along with weather data to allow
simulation of the energy consumption and indoor
environment.
3.2. Life cycle inventory
Change-oriented life cycle studies such as this one are
concerned with additional materials above the baseline sce-
nario in which no ERMs are installed. In order to create
the baseline scenario a replacement schedule for each
measure was created for 60 years following either (a) no
Table 10
Occupancy proﬁles for each zone category.
Hour 7 8 9 10 11 12 13 14 15 16 17 18
Oﬃce 0.1 0.25 0.75 1 1 0.5 0.5 1 1 0.5 0.5 0
Classroom 0.1 0.25 0.75 1 1 0.5 0.5 1 1 0.5 0.5 0
Toilet/Utility 0.25 0.5 1 1 1 0.75 0.75 1 1 1 0.5 0.25
Toilet/Utilitya 0 0 0.5 1 1 1 0.75 1 0.75 0 0 0
Assembly hall 0.1 0.25 0.75 1 1 0.5 0.5 1 1 0.5 0.5 0
Circulation 0.25 0.5 1 1 1 0.75 0.75 1 1 1 0.5 0.25
Circulationa 0 0 0.5 1 1 1 0.75 1 0.75 0 0 0
Kitchen 0 0 0 0.25 0.25 1 1 0.75 0.25 0 0 0
Workshop 0.25 0.5 1 1 1 0.75 0.75 1 1 1 0.5 0.25
Laboratory 0.1 0.25 0.75 1 1 0.5 0.5 1 1 0.5 0.5 0
Computer room 0.1 0.25 0.75 1 1 0.5 0.5 1 1 0.5 0.5 0
Sports/Fitness 0.25 0.5 1 1 1 0.75 0.75 1 1 1 0.5 0.25
Sports/Fitnessa 0 0 0.5 1 1 1 0.75 1 0.75 0 0 0
a Weekend occupancy.
Table 8
Energy retroﬁt measures (ERMs) for each case study building.
Description of ERM Value in case studya
School A School B School C School D
Install an eﬃcient condensing boiler (% eﬃciency) 90% 90% 90% 90%
Improve air-tightness (air changes per hour) 0.25 0.25 0.25 0.25
Add 50 mm of MWb insulation to interior of roofs 0.59 0.59 0.52 0.60
Add 200 mm of MWb insulation to interior of roofs 0.18 0.18 0.18 0.19
Add 50 mm of PIRc insulation to roofse 0.38 0.38 0.35 0.39
Add 200 mm of PIRc insulation to roofse 0.11 0.11 0.11 0.11
Add 50 mm of PIRc insulation to heat loss ﬂoors 0.35/0.33 0.35 0.35 0.35
Add 200 mm of PIRc insulation to heat loss ﬂoors 0.11/0.11 0.11 0.11 0.11
Add 50 mm of XPSd insulation to heat loss ﬂoors 0.4 0.39 0.39 0.39
Add 200 mm of XPSd insulation to heat loss ﬂoors 0.12 0.12 0.12 0.12
Add 50 mm of MWb insulation to interior of walls 0.49 0.52 0.56/0.50 0.54
Add 200 mm of MWb insulation to interior of walls 0.17 0.18 0.18/0.17 0.18
Add 50 mm of PIRc insulation to interior of walls 0.34 0.35 0.37/0.34 0.36
Add 200 mm of PIRc insulation to interior of walls 0.11 0.11 0.11/0.11 0.11
Add 50 mm of XPSd insulation to exterior of walls 0.39 0.40 0.43/0.39 0.42
Add 200 mm of XPSd insulation to exterior of walls 0.12 0.13 0.13/0.12 0.13
Replace windows with double glazed, Argon-ﬁlled windows 2.00 2.00 2.00 2.00
a Units are thermal conductivity (W/m2K) as calculated by EnergyPlus, unless otherwise stated.
b Mineral wool with conductivity of 0.04 W/mK and density of 12 kg/m3.
c Polyisocyanurate with conductivity of 0.023 W/mK and density of 30 kg/m3.
d Expanded polystyrene with conductivity of 0.027 W/mK and density of 40 kg/m3.
e PIR roof insulation is interior for Schools A and D and exterior for Schools B and C.
Table 9
Simulation environmental and load assumptions for each zone category.
Zone category Lighting
(W/m2)
Equipment
(W/m2)
Ventilation
(l/s/pers.)
Heating
setpointa (C)
Occupancy
(people/m2)
Activity level
(W/pers.)
Oﬃce 18.4 12 10 21 0.103 123
Classroom 13.8 4.7 5.5 18 0.552 140
Toilets/Utilities 9.2 5.0 12 15 0.110 140
Assembly Hall 13.8 2.0 10 20 0.218 140
Circulation 4.6 2.0 10 15 0.110 140
Kitchen 20.0 49.5 25 17 0.182 180
Workshop 23.0 6.2 10 18 0.063 180
Laboratory 23.0 11 10 20 0.210 160
Computer room 13.8 30 10 22 0.218 120
Sports/Fitness 13.8 1.9 10 15 0.052 300
a Heating setback temperature in all zones is 12 C.
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Table 12
Assumed lifespan of building components.
Component Lifespan (years)
Boilers 15
Carpet tiles 15
Cement render 31
Floorboards 30
Insulation 100
Paint 3
Plaster 39
Plasterboard 39
Plywood deck 37
Rooﬁng mastic 19
Scaﬀolding 60
Screed 78
Steel framing system 31
Synthetic mesh 31
Timber battens 60
Windows 37
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eﬀect of bringing forward the replacement of an element
is captured. For example, if wall insulation is changed
before the plasterboard is at the end of its service life then
the plasterboard replacement is brought forward. This
means that plasterboard may need to be replaced more
often during the following 60 years than would otherwise
have been the case. However, if the plasterboard is already
at the end of its service life then the only additional mate-
rial used will be the stud-work and the insulation since the
plasterboard would also be replaced in the baseline case.
For comparability between schools, each element was
assumed to be half way through its expected service life
at the start of the 60 years. A waste allowance from
WRAP’s Net Waste Tool (WRAP, 2012) is added to the
total weight of material in the LCI to account for wastage
on site (see Table 11). At the end of building element ser-
vice life, replacements are assumed to be made on a like-
for-like basis.
The methodology follows the principle of linked compo-
nent systems, where if a lower level component (one which
lies deeper inside the building element) is replaced then all
layers above are also replaced (Sturgis and Roberts, 2010).
The typical lifespan of building components shown in
Table 12 is sourced from Costmodelling Works cost mod-
elling and estimating software (Costmodelling Ltd., 2011).
Because timing of impacts is not generally considered to
be a factor in LCA (excluding LCC) (Gluch and Baumann,
2004), these schedules are then combined with values for
weight per m2 to give a total lifespan material use. The dif-
ference in weight of each material is then calculated giving
an LCI of additional material use.3.3. Life cycle impact assessment
The two life cycle impact categories considered in this
study are LCCF and LCC. These two impact categories
are seen as having the greatest impact on the decision of
whether to choose a particular refurbishment option when
considering the environmental impacts. LCC is represented
by the discounted net present value (NPV) over 60 years.Table 11
Materials’ wastage rate by volume.
Material Wastage rate (%)
Brick 20
Carpet tiles 5
Cement render 5
Insulation 15
Paint 0
Plaster 5
Plasterboard 23
Rooﬁng mastic 15
Screed 5
Steel framing system 23
Synthetic mesh 5
Timber 10
Windows 5NPV is a metric for comparing a time series of cash ﬂows
and the discount rate accounts for the time value of money
(HM Treasury, 2003).3.3.1. Life cycle carbon footprint
A life cycle carbon model was created using the replace-
ment schedule used to generate the LCI. The embodied car-
bon of elements added to each of the baseline buildings was
calculated using embodied carbon ﬁgures from the Inven-
tory of Carbon and Energy (Hammond and Jones, 2011).
The life cycle carbon footprint of a refurbishment sce-
nario is given by the following equation:
LCCF ¼
XNi
i¼0
ECmi þ
XNt
t¼0
TCtmikmt
 !
þ WCmi  RCmi
 !

XNy
y¼0
FSCy
ð1Þ
where:
LCCF = marginal life cycle footprint
Ni = number of materials i
mi = marginal mass of material i in kg
Nt = number of transport modes t
kmt = total distance transported by mode t in km
EC = embodied carbon of material i in kgCO2e/kg
TCt = transport carbon of transport mode t in kgCO2e/
kg km
WCi = waste carbon of material i in kgCO2e/kg
WCi = carbon credit for recycling of material i in
kgCO2e/kg
Ny = number of years in the time horizon
FSCy = carbon credit of fuel saved in year y in kgCO2e
The transport term in this equation was not used due to
lack of data. Instead, transport to site is assumed to add
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ﬁgure given in ICE v 2.0 (Hammond and Jones, 2011). Car-
bon emissions from waste disposal have been sourced from
Defra’s Greenhouse Gas Conversion Factors (AEA, 2010).
Gas has been assumed to keep the same carbon inten-
sity, 0.196 kgCO2e/kWh, throughout the study period
and for all schools. It is recognised that some reductions
may be made through substitution of biomethane pro-
duced from anaerobic digestion (National Grid, 2008),
while some increase may come from increased use of
imported LPG and use of shale gas and other unconven-
tional sources (DECC, 2011), however no projection of a
likely trajectory is available.
The embodied carbon in the existing building is not con-
sidered since it is not an additional impact. The system
boundary is set at the ERMs themselves, taking into
account their expected lifespan.Figure 5. Example of a cumulative net cash ﬂow for a package of ERMs.
The NPV in a given year is the inverse of the cumulative cost in that year.
This package therefore has a positive NPV for any time horizon greater
than 19 years.3.3.2. Life cycle cost
A life cycle cost model was also created based on the
replacement schedules. In addition the results of energy
simulations are used to calculate the value of energy sav-
ings in each year, as measured against the baseline build-
ing. Marginal price of gas and the external costs of
emissions (CO2e, SO2, NOX, VOCs and particulates) in
each year are taken from the IAG toolkit (IAG,
2012a,b). The gas prices in this toolkit represent the mar-
ginal element of price to particular types of occupier. The
long-run variable cost “Gas LRVC: Central: Commercial”
was chosen as most representative of schools.
Carbon costs are projections of the non-traded cost of
carbon for saved gas (DECC, 2009). Air quality costs were
calculated using the impact pathway approach which pre-
dicts the dispersal of emissions and their eventual impacts
(mainly on human health) to estimate the marginal damage
costs of an additional tonne of gas or particulates emitted
(DECC, 2010).
Annual value of energy saved is found using:
FSV t ¼ QFStxðFV t þ AQV t þ ðGHGV txXItÞÞ ð2Þ
where:
FSV = total value of fuel saved in £
QFS = quantity of fuel saved in kWh
FV = £/kWh of fuel
AQV = cost of air quality impacts per kWh of fuel in £
GHGV = cost of greenhouse gas emissions in £/kgCO2e
CI = carbon intensity of fuel in kgCO2e/kWh
t = year
The cost of providing school ﬂoor area is assumed to be
£306/m2 per year. This is based on replacing that area at an
average build cost of around £2780/m2 for a school in the
size range of 2–4000 m2 (Cabinet Oﬃce, 2012), spread over
a 25 year repayment period with a 10% discount rate. This
cost is relevant to the LCC since the usable ﬂoor area is sig-niﬁcantly reduced where 200 mm of internal wall insulation
is speciﬁed.
Refurbishment costs are drawn from a range of sources,
but primarily come from Costmodelling Works
(Costmodelling Ltd., 2011) and Spon’s Price Guide 2011
(Davis Langdon LLP, 2010). They are calculated based
on the area covered, or by unit in the case of boilers. Since
non-proﬁt schools can reclaim the VAT on expenditure via
the local authority, VAT has not been included in this
assessment.
The discounting formula sums the net cash ﬂow in each
year from year zero to the ﬁnal year in the time horizon
considered and applies a discount rate to give the NPV
of the ERM (see Fig. 5). All costs and beneﬁts are assumed
to be incurred in the middle of the year for the purpose of
the discounted cash ﬂow. The discount rate used starts at
3.5% and falls to 3.0% in year 31 as recommended by
HM Treasury for public spending in the Green Book
(HM Treasury, 2003) which in turn is recommended in
the British Standard for life cycle costing in construction
(BSI, 2008). This rate is appropriate as the eventual fund-
ing body is a local authority.
Costs or revenues which are related to Government pol-
icies such as the Green Deal or the Carbon Reduction
Commitment Energy Eﬃciency Scheme have been
excluded due to the uncertainty around their continued
implementation.
3.4. Regression model
Regression analysis is used to discover which parameters
show statistically signiﬁcant connection to gas consumption,
and the size of the eﬀects. The outputs from dynamic simu-
lation have been analysed using SPSS 22 (IBM, 2013).
In the regression models the dependent variable is annual
gas consumption and the potential explanatory variables
are all of the values varied in the parametric analysis. Insu-
lation type is included in the model using dummy variables.
J. Bull et al. / International Journal of Sustainable Built Environment 3 (2014) 1–17 9As well as direct features of the buildings and ERMs, sev-
eral combined features were created as potential candidates
for the regressionmodels based on the known physical behav-
iour of buildings. The products of surface area and conductiv-
ity were added for each surface type in the expectation that
this would provide a better correlation in a regression model
than the pairs of values individually. Also the total number of
insulated surfaces and the product of conductivity values (W/
m2 K) of all surfaces were included for each scenario. These
were intended as candidate variables to account for interac-
tion eﬀects between insulation measures.
Once the candidate features had been generated, the
model was selected using the stepwise linear regression
option in SPSS. Other automatic selection methods (For-
ward and Backward) were tested and showed similar levels
of ﬁt.
4. Results
4.1. Baseline whole building energy simulation
Compared to the benchmark for school gas consump-
tion of 150 kWh/m2 annum (CIBSE, 2008), School A,
School B, School C and School D buildings are simulated
to consume 3%, +16%, +3% and +4% natural gas respec-
tively (see Table 13).
A Display Energy Certiﬁcate (DEC) was available for
school B and School C which are two separate buildings
at the same school site. The actual energy metre recordedTable 14
Percentage annual heating energy savings for individual ERM
Measure School A
1870–1914 (%)
90% eﬃcient condensing boiler 38
Reduce to 0.25 air changes per hour 23
200 mm PIRa added to roof 24
200 mm mineral wool added to roof 21
50 mm mineral wool added to roof 19
200 mm XPSb (external) added to walls 13
200 mm PIRa added to walls 13
200 mm mineral wool added to walls 12
Double glazing with Argon ﬁll 7
50 mm PIRa added to walls 10
50 mm XPSb (external) added to walls 10
50 mm mineral wool added to walls 9
200 mm XPSb added to ﬂoor 1
200 mm PIRa added to ﬂoor 1
50 mm PIRa added to ﬂoor 1
50 mm XPSb added to ﬂoor 1
a Polyisocyanurate.
b Expanded polystyrene.
Table 13
Baseline models heating energy consumption.
School A School B School C School D
132 kWh/m2/
annum
210 kWh/m2/
annum
170 kWh/m2/
annum
178 kWh/m2/
annumgas consumption of the whole school of around
143 kWh/m2 annum (Smith, 2011). The simulated area-
weighted average for school building B and school building
C is 189 kWh/m2 annum for natural gas which is 32%
higher than the measured value. This high value is not
unexpected since the schools are modelled as if they are
meeting controlled ventilation targets all year round. This
has been shown to be rarely achieved in practice
(Mumovic et al., 2009).
In terms of thermal comfort, overheating was noted to
be present in all school models. This was measured using
a set-point schedule of 24 C in the heating season and
27 C in other periods. In the baseline models school D
had the fewest occupied hours in any zone above this target
(55.5 h), followed by School A (115.75 h), School B
(250.25 h) and School C (260.75 h). The times when the tar-
get temperature was unmet are predominantly during a
short period of high temperatures in June, and are mainly
found in ICT zones and classroom zones on the top storey.4.2. Modelled energy savings
As the ERMs were only applied to building envelope
and the gas-fuelled heating system, there was no change
in electrical energy consumption for lighting and equip-
ment. Some electricity savings were seen in pump energy
consumption due to reduced hot water distribution for
heating. These are not shown in the results since the savings
were small and have therefore been excluded from the
scope of the study.4.2.1. Individual energy retroﬁt measures
The ERMs that have the highest and lowest impact on
energy consumption were similar for each building. Results
are shown in Table 14 as a percentage of gas saveds.
School B School C School D
1914–1944 (%) 1944–1970 (%) 1970–1995 (%)
38 38 38
19 21 21
23 17 10
21 14 8
19 12 7
14 10 16
14 10 16
13 10 15
13 17 8
12 9 13
11 9 13
10 8 11
2 1 1
2 1 1
2 1 1
1 1 1
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by average saving.
Reduction in uncontrolled inﬁltration had the greatest
eﬀect on the building representing the 1870–1914 era
(School A) followed by 1944–1970 era (School C), 1914–
1944 era (School B) and ﬁnally 1970–1995 era (School D).
One reason is that the inﬁltration is modelled as air changes
per hour, therefore buildings with greater ﬂoor-to-ﬂoor
height will lose a greater volume of air per unit of ﬂoor
area. This appears to be the reason for School A saving
the most from a reduction in inﬁltration. Improved insula-
tion of walls resulted in greatest savings for School D
which has the highest ratio of wall to total surface area.
School C, with the highest glazing ratio, showed the great-
est savings when glazing was improved. School B, with the
greatest perimeter to ground ﬂoor area ratio shows the
greatest savings from ﬂoor insulation.
4.3. Analysis of interaction eﬀects
Measures have diﬀerent eﬀects on the total savings when
installed in combination than when they are installed
alone. For example the predicted savings from insulation
and predicted savings from a more eﬃcient boiler cannotTable 15
Interaction eﬀect between ERMs shown as the percentage diﬀ
individually and the savings when installed together, averaged
Boiler
upgrade (%)
Air changes
per hour (%)
School A
Air change rate 16.7
Wall insulation 9.7 2.1o
Floor insulation 0.9o 1.7o
Roof insulation 16.2 2.3o
Double glazing 6.3 1.0o
School B
Air change rate 14.4
Wall insulation 10.5 3.1o
Floor insulation 1.4o 1.1o
Roof insulation 16.1 2.4o
Double glazing 11.0 2.9o
School C
Air change rate 15.8
Wall insulation 8.2 2.8o
Floor insulation 0.8o 0.3o
Roof insulation 12.0 2.9o
Double glazing 13.9 2.9o
School D
Air change rate 16.1
Wall insulation 11.9 4.2o
Floor insulation 0.0o 0.7o
Roof insulation 7.9 2.4o
Double glazing 7.8 3.6o
 Agonistic eﬀect.
o Additive eﬀect.
+ Synergistic eﬀect.be added together to give a predicted total saving. The ﬁg-
ures in Table 15 and Table 16 show the interaction eﬀects
between measures examined in this study. The eﬀects can
be categorised into three classes: synergistic, where the sav-
ings when installed together is greater than the sum of the
parts, additive, with the sum of the savings for individual
measures equalling the saving when they are installed
together, and agonistic, where combining the measures
means that the total saving is less than the sum of the parts.
Where insulation measures are combined, there is always
a synergistic eﬀect where the simulated savings are higher
than the additive saving. This is expected since, as explained
by Gorgolewski et al. (1996), adding insulation to one ele-
ment of a building will reduce heat losses from the building
and so raise the mean internal temperature, particularly
given intermittent heating schedules. This causes a greater
mean temperature diﬀerential across the building envelope
and so increases the heat loss through it. When another ele-
ment is insulated this mitigates that increased heat loss, as
well as providing savings of its own and so the combined
eﬀect is greater than the sum of the parts.
With any other individual ERM in combination with
higher eﬃciency boiler, simulated savings are observed to
be lower than the additive saving (an agonistic interaction).erence between the sum of the two savings when installed
between measures of the same type.
Wall
insulation (%)
Floor
insulation (%)
Roof
insulation (%)
8.6+
2.3o 2.2o
2.6o 6.7+ 1.7o
6.1+
1.9o 0.0o
1.4o 3.4o 2.2o
6.5+
0.2o 3.7o
1.1o 4.6o 1.7o
16.5+
0.2o 12.6+
0.1o 9.0+ 5.1+
Table 16
Life cycle cost (NPV60 per m2) for pairs of ERMs, averaged between measures of the same type.
Boiler upgrade Air changes per hour Wall insulation Floor insulation Roof insulation
School A
Air change rate £23
Wall insulation £13 £2
Floor insulation £4 £0 £3
Roof insulation £3 £0 £1 £1
Double glazing £7 £1 £2 £1 £1
School B
Air change rate £21
Wall insulation £12 £2
Floor insulation £2 £1 £4
Roof insulation £11 £2 £3 £0
Double glazing £16 £2 £4 £2 £2
School C
Air change rate £21
Wall insulation £8 £2
Floor insulation £3 £1 £2
Roof insulation £7 £1 £1 £2
Double glazing £15 £3 £2 £3 £2
School D
Air change rate £203
Wall insulation £200 £221
Floor insulation £127 £98 £297
Roof insulation £108 £75 £339 £16
Double glazing £130 £88 £322 £1 £29
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amount of gas required to maintain the internal tempera-
ture. This means that for a given amount of heat loss pre-
vented by insulation, the amount of fuel saved is lower.
The apparent synergistic interaction between air-
tightness in combinations is small and not present in all
scenarios. Further exploration of this would be of value
since air tightness has a large inﬂuence on energy
consumption.Figure 6. Probability distribution of embodied carbon per square metre of
gross internal area (GIA) in all 5600 scenarios for the four case studies.4.4. Life cycle carbon assessment
4.4.1. Embodied carbon
The embodied carbon intensity of a project is deﬁned as
the amount of embodied carbon per unit of ﬂoor area. This
is a useful measure for estimating the embodied carbon of a
refurbishment project at an early stage.
In three of the schools in Fig. 6 the embodied carbon
intensity of refurbishment falls between 0 and 120 kg
CO2e/m
2, while at School D the same measures have a
range of 0–225 kg CO2e/m
2. The explanation for the diﬀer-
ent distributions is that the carbon intensity of a project is a
function both of the ratio of each fabric element area to
total ﬂoor area, and of the carbon intensity of speciﬁc con-
structions. Since School D is a single storey building, refur-
bishment of the ground ﬂoor and of the roof has
signiﬁcantly higher carbon intensity per unit of ﬂoor area
than for the multi-storey schools. School C has a high glaz-
ing:fac¸ade ratio, and since glazing has lower embodied car-
bon per m2 of element the distribution of embodied carbonintensity across the packages is slightly lower than the two
other schools of a similar size.
4.4.2. Life cycle carbon footprint
Since the uncontrolled inﬁltration rate can be greatly
aﬀected by building envelope retroﬁt, it is diﬃcult to esti-
mate the embodied carbon related only to reducing inﬁltra-
tion. In this analysis the results are presented both with no
improvement to inﬁltration rates, as well as with the inﬁl-
tration rate reduced to 0.25 ACH.
For the life cycle carbon footprint, the biggest inﬂuence
is the operational carbon saving. The savings are however
modulated by the life cycle embodied carbon, which is
related not only to the embodied carbon in year 0, but also
Figure 7. Packages of ERMs ranked by 60 year life cycle carbon footprint saving at 0.75 ACH (left) and 0.25 ACH (right).
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replacement, and the remaining useful life of the existing
element.
Fig. 7 shows the cumulative percentage of packages
which save at least the amount shown on the y-axis. None
of the curves intersect the y-axis which demonstrates that
all ERMs pay back the embodied carbon investment in
them by year 60.
4.5. Life cycle cost assessment
4.5.1. Net present value
For individual measures shown in Table 17 only the
condensing boiler has positive NPV in all schools afterTable 17
Net present value over 60 years for individual ERMs.
Measure School A
1870–1914
90% eﬃcient condensing boiler £62
Reduce to 0.25 air changes per hour £63
200 mm PIRa added to roof £12
200 mm mineral wool added to roof £8
50 mm mineral wool added to roof £6
200 mm XPSb (external) added to walls £20
200 mm PIRa added to walls £335
200 mm mineral wool added to walls £8
Double glazing with Argon ﬁll £1
50 mm PIRa added to walls £85
50 mm XPSb (external) added to walls £23
50 mm mineral wool added to walls £99
200 mm PIRa added to ﬂoor £12
50 mm PIRa added to ﬂoor £3
50 mm XPSb added to ﬂoor £2
a Polyisocyanurate.
b Expanded polystyrene.60 years (NPV60). The ERMs with the worst NPV60 are
internal wall insulation, in particular the 200 mm thick
options, which is almost entirely due to the lost ﬂoor area.
Because of this, the NPV60 gets worse the lower the perim-
eter to ﬂoor area ratio.
Packages which include internal wall insulation severely
skew the mean NPV60. When they are held out of the
results, the mean NPV60 is £23/m
2 (s.d. £51). This breaks
down as £5/m2 (s.d. £49) at an inﬁltration rate of 0.75
ACH and £41/m2 (s.d. £45) at 0.25 ACH.
Fig. 8 shows all packages of ERMs with a positive
NPV60 at 0.75 ACH. It shows that the NPV of packages
at School D are signiﬁcantly worse than those at the other
three schools, with less than 20% having a positive NPV60School B School C School D
1914–1944 1944–1970 1970–1995
£77 £64 £141
£56 £54 £98
£11 £17 £13
£16 £1 £20
£12 £2 £17
£31 £10 £3
£469 £269 £617
£16 £1 £20
£4 £3 £8
£122 £64 £134
£34 £11 £6
£139 £75 £163
£11 £17 £13
£1 £5 £10
£0 £4 £12
Figure 8. ERM packages ranked by net present value per m2 over a 60 year lifespan at 0.75 ACH (left) and 0.25 ACH (right) with a discount rate of 3.5%
falling to 3.0% in year 31.
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is most eﬀective in buildings with a high perimeter to
ground ﬂoor area ratio like School B since the majority
of heat is lost at the edges through thermal bridging.
The steepest parts of the curves are where measures
which include 200 mm of internal wall insulation are
included. The cost of lost ﬂoor area, as well as diminishing
returns to increasing insulation thickness, mean that the
best NPV60 of any package which includes 200 mm of
internal wall insulation is £161 (for 200 mm of PIR at
School C).4.6. Carbon and ﬁnancial payback times
The mean carbon payback time for all packages, includ-
ing those with air tightness improvements is 3.9 years (s.d.
2.05). By contrast the mean discounted ﬁnancial payback
time of just the 25% packages which pay back within
60 years is 32.1 years (s.d. 16.1). This demonstrates that
the vast majority of retroﬁt measures which pay back
ﬁnancially will pay back their embodied carbon even more
quickly. From the 5,600 simulations in this study, noTable 18
Fit of regression models of annual energy consumption.
Model Adjusted R2 Standard error of
estimate (kWh/m2/year)
All 0.952 6.59
School A 0.969 4.64
School B 0.968 5.97
School C 0.970 4.89
School D 0.973 4.72scenarios have a ﬁnancial payback time which is shorter
than the carbon payback time.
4.7. Regression model analysis
The ﬁt of models created for each building and for all
buildings together is shown in Table 18. The model is a
good ﬁt for all schools which indicates that most of the cor-
rect features were included. Air changes per hour, boiler
eﬃciency, number of insulated elements and roof heat loss
factor were included in all models as independent variables,
with kWh/m2/year as the dependent variable.
Between 67% and 81% of predictions have an error of
less than 5% of the baseline gas consumption, and over
98% have an error of less than 10%.
The regression model for all schools is shown in Eq. (3)
and the output and ﬁt of the model in Fig. 9.
EUI ¼ 991:3þ ð304:6 BEÞ þ ð2:498 IEÞ
þ ð53:94 ACHÞ þ ð716:8 P:GFAÞ
þ ð4:636 FUÞ þ ð217:5 VGIAÞ
þ ð10:11 RUÞ þ ð12:69 AWUÞ þ ð7:710 WUÞ
þ ð0:001771 WIU:WIAÞ þ ð1:291 WUÞ
þ ð0:02547 BE:VÞ þ ð0:07921 BE:SAÞ
þ ð0:00052490 AWU:SAÞ þ e ð3Þ
where:
EUI = Energy use intensity (kWh/m2)
BE = boiler eﬃciency (%)
IE = number of insulated elements ()
Figure 9. Regression model for schools heating energy consumption and distribution of errors.
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P = perimeter (m)
GFA = ground ﬂoor area (m2)
FU = ﬂoor U value (W/m2K)
V = volume (m3)
GIA = gross internal area (m2)
RU = roof U value (W/m2K)
AWU = area-weighted U value (W/m2K)
WU = external wall U value (W/m2K)
WIU = window U value (W/m2K)
WIA = window area (m2)
SA = surface area (m2)
e = error term5. Discussion
5.1. Sensitivity to energy retroﬁt measures and building
parameters
5.1.1. Boiler eﬃciency
Boiler eﬃciency makes the largest contribution to oper-
ational heating energy consumption. It is found to be the
measure which oﬀers maximum carbon savings annually
and over its life time per unit of embodied carbon invested.
Replacing the existing boiler with a more eﬃcient condens-
ing boiler oﬀers a very easy and quick retroﬁt option which
hardly eﬀects the functioning of building.5.1.2. Inﬁltration
The second most inﬂuential factor in space heating
energy eﬃciency is uncontrolled inﬁltration. It is diﬃcult
to predict the inﬁltration rate after installing the modelled
building envelope measures in the study. To do so it would
be necessary to gather this information from previously ret-
roﬁtted school buildings, so that reliable values for reduc-
tion in uncontrolled inﬁltration can be used in analysis of
future retroﬁtting.5.1.3. Surface to volume ratio
Surface to volume ratio is also highly inﬂuential. This is
the ratio of total external surface area of a building (i.e.
external wall area, external window/door area, roof area
and ground ﬂoor area) to total internal volume of the
building. It expresses the compactness of the design in three
dimensions. The lower the surface to volume ratio the more
compact the design. A more compact design is a more
energy eﬃcient design as it contains more useable space
per unit of heat loss surface. Consequentially, designs have
lower potential to reduce their carbon emission from their
existing condition through improvements to their external
fabric. They also require comparatively less insulation on
the envelope to achieve maximum heating energy eﬃciency
in a cold climate. The opposite is true for a less compact
design. Therefore, investment in ERM of the envelope of
buildings with high surface to volume ratio will save more
operational cost and carbon annually and during its entire
life time than the buildings with lower surface to volume
ratio.5.1.4. External insulation
External insulation is observed to be equally energy eﬃ-
cient as internal insulation of the same or even slightly lower
U-value when used with walls having thermal mass. High
thermal mass has the capacity to store heat and reduce the
eﬀect of ﬂuctuating outside temperature. Spaces with
exposed thermal mass inside take longer to heat up and
remain thermally comfortable for a longer period after heat-
ing is switched oﬀ. In the case of school buildings, where
spaces have high internal gains due to dense occupancy
and electrical equipment, the indoor air is heated up quickly
and this passively gained heat is stored in the internally
exposed thermal mass walls. This leads to 10% more hours
of overheating when comparing scenarios with 200 mm of
internal PIR to those with 200 mm of external EPS insula-
tion. Internal insulation does provide quicker response to
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levels of metabolic internal gains when occupied.
The greatest practical and ﬁnancial beneﬁt of recom-
mending external insulation over internal is that it avoids
the loss of useable ﬂoor area which is the dominant
contributing factor to the LCC of internal insulation in this
study. It also reduces the disturbance that would be caused
by works inside the school, but will change the architec-
tural character of the school in most cases.
5.1.5. Roof insulation
Building types from the 1870–1914 era (School A) and
the 1970–1995 era (School D) both have an attic which acts
as an air cavity. This means that even though the U-value
of the ceiling alone is high before refurbishment, the overall
assembly roof U-value (including the roof and the attic) is
lower. This reduces the heat losses in the baseline building
compared to the other studied building typologies where
only a ﬂat un-insulated concrete roof is present. Therefore,
the beneﬁts of providing insulation are higher in case of ﬂat
concrete roofed buildings. In practice however this space is
ventilated so thermal bypass eﬀects will reduce this beneﬁt
relative to that shown in the simulations.
5.1.6. Ground ﬂoor insulation
Ground ﬂoor insulation was the least inﬂuential factor
on operational energy in the simulations. Even given the
same amount of insulation on ﬂoor as the ceiling (which
generally have similar surface areas), the latter saves more
energy and carbon emissions. This is because the ﬂoor is in
contact with the ground which remains at higher tempera-
ture in winters and lower temperature in summers than the
outside air. This lower temperature diﬀerential across the
heat loss surface means that heat is lost at a lower rate,
and so the operational savings from insulating it are lower
than through a roof which is in contact with the outside air.
5.1.7. Interaction eﬀects
Linear addition of energy savings achieved through
individual ERM cannot be used to predict multiple ERM
savings. The actual savings can be higher or lower than
the linear addition value (synergistic or antagonistic inter-
actions). Improved boiler eﬃciency and reduced air change
rates show antagonistic interactions with other measures,
increasing their payback time. Insulation measures show
a synergistic eﬀect in combination with each other, mean-
ing it is more thermally eﬀective to improve the U values
of all elements in a building rather than just improving
one element in isolation. Measures installed in combination
should not be considered in isolation as they have eﬀects on
each other, both in the well-known interaction between
plant and fabric ERMs, as well as in the less well-known
synergistic interaction between fabric insulation measures.
However this does not mean that measures which display
an agonistic interaction should not be installed together,
so long as the combined eﬀect is still cost-eﬀective.5.2. Total savings potential
Large operational energy savings can be achieved in all
the school archetypes through envelope measures in combi-
nation with a more eﬃcient heating system. The results for
the multiple ERMs show that it is possible to reduce heat-
ing energy consumption by around 90% using the modelled
standards of insulation and reducing uncontrolled inﬁltra-
tion rates to 0.25 air changes per hour.
Applying energy eﬃcient retroﬁt measures to the build-
ing envelope and heating system can signiﬁcantly reduce
the carbon emissions of space heating school buildings
annually and over their life time. The great majority of
these retroﬁt measures have a short carbon payback period
making them a good investment of limited carbon emis-
sions. Fewer have very good ﬁnancial paybacks with well
over half of the measures showing no payback within the
60 year lifespan. 5–28% of the packages have a payback
if the inﬁltration rate is unchanged after refurbishment. If
the rate is assumed to improve to 0.25 ACH then 10–
54% pay back within 60 years. This is important to note
since fabric ERMs such as wall insulation and replacement
windows are likely to lead to reduced inﬁltration.
On the assumption that the four buildings chosen are
typical of their era, the study showed that the potential
for annual net carbon emission reduction is highest in
buildings from the 1914–1945 era (32 kgCO2e/m
2/year),
then similar potential from the buildings from the 1945–
1970 era and the 1970–1995 era (25 kgCO2e/m
2/year and
24 kgCO2/m
2/year), followed by the 1870–1914 era build-
ing (18 kgCO2e/m
2/year). The shortest mean carbon pay-
back period for the packages of ERMs is for buildings
from the 1914–1944 era followed by 1944–1970, 1870–
1914, and then 1970–1995.
The greatest potential for positive net present value (as
NPV60/m
2) is available in the 1945–1970 school. The next
greatest is the 1970–1995 school, with the 1914–1945 and
1870–1914 schools showing the lowest potential NPV60/
m2. The 1970–1995 school showed the greatest potential
negative NPV, followed by 1914–1944, 1870–1914 and
1870–1914. The extremely negative NPV60/m
2 in the worst
scenarios was highly inﬂuenced by lost ﬂoor area with the
schools ranked from best to worst by order of increasing
perimeter to area ratio.
5.2.1. Predicting energy saving using regression model
As seen in Fig. 9, the regression equation developed
using the simulated data can be used to predict energy sav-
ings close to the simulated value within the tested range of
ERM for school buildings built between 1870 and 1995. At
above 0.96 for the individual buildings, the coeﬃcient of
determination (adjusted R2) is very high. This is because
all the input data are simulated data using the same energy
modelling software and not data collected from real-world
applications which would be much more aﬀected by
varying characteristics of occupancy.
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simulated savings within the tested range of ERMs in this
study and is very likely to have diﬀerences with the actual
LCC savings for the buildings. The range of ERMs which
suit this regression equation is U value of 2.68–0.11 W/
m2K for opaque building envelope, 5.66–2.00 W/m2K
and g-values of 0.8–0.7 for glazing, 0.75 ACH to 0.25
ACH for air inﬁltration, and 80–90% for boiler eﬃciency.
A possible use for this parametric model is to simulate
savings from levels of insulation which were not originally
modelled, for example to ﬁnd optimal thicknesses.
6. Conclusion
This study has presented a life cycle carbon and life cycle
cost assessment of energy eﬃcient retroﬁt measures to the
building envelope and heating system of four existing
schools in London which are representative of typical styles
and thermal characteristics of those built between 1870 and
1995. The basis of this energy eﬃciency assessment was
energy simulation models of the existing buildings.
The regression equation formulated based on the energy
models has a coeﬃcient of determination of 95–97%. This
equation can be used in predicting life cycle carbon saving
within the tested range of ERMs in the study, and also
within the range of the other building features included
as independent variables. The regression equation calcu-
lated carbon savings will be close to energy model simu-
lated savings. Therefore it can help decision makers and
policy makers to predict the eﬀectiveness of energy retroﬁt
measures on the school building stock and shorten the pro-
cess of energy modelling.
The study also shows that it is vital to create scenarios to
understand the energy-use implications of various design
interventions and retroﬁt measures in combination. The
simple approach of modelling each retroﬁt measure indi-
vidually is useful to understand its independent impact
but not adequate for determining the eﬀectiveness of multi-
ple retroﬁts together. The additional step of modelling
combinations is critical to determine the impact that a ser-
ies of interventions may have on the energy consumption of
a building and on the life cycle cost of the package of mea-
sures as a whole. These combined scenarios look at the
overall eﬀect and provide better understanding of potential
energy, carbon and ﬁnancial saving in a building.
References
AEA, 2010. 2010 Guidelines to Defra/DECC’s GHG conversion factors
for company reporting.
ASHRAE, 2001. International weather for energy calculations (IWEC
Weather Files) – London Gatwick 037760.
Baumann, H., Tillman, A.-M., 2004. The Hitch Hiker’s Guide to LCA,
Studentlitteratur AB, Lund, Sweden.
Beccali, M., et al., 1997. Energy saving in oﬃce buildings. A case study in
Rome through the use of DOE-2 and other simulation tools.
Proceedings, IBPSA Prague. Available at: <http://www.ibpsa.
orgnproceedingsnBS1997nBS97_P087.pdf> (accessed 13.07.11).BSI, 2008. Standardized method of life cycle costing for construction
procurement.
BSI, 2012. BS EN 15804:2012 – Sustainability of construction works.
Environmental product declarations. Core rules for the product
category of construction products.
Buchanan, A.H., Honey, B.G., 1994. Energy and carbon dioxide
implications of building construction. Energy Build. 20(3), 205–217.
Available at: <http://dx.doi.org/10.1016/0378-7788(94)90024-8>
(accessed 29.08.2012).
Cabinet Oﬃce, 2012. Government construction: construction cost bench-
marks, cost reduction trajectories & indicative cost reductions April
2011 to March 2012: Addendum July 2012, London.
CCC, 2012. Progress reducing emissions frombuildings. InMeetingCarbon
Budgets – ensuring a low-carbon recovery. Committee on Climate
Change. Available at: <http://downloads.theccc.org.uk/0610/pr_
meeting_carbon_budgets_chapter3_progress_reducing_emmissions_
buildings_industry.pdf>.
Chidiac, S.E., et al., 2011a. A screening methodology for implementing
cost eﬀective energy retroﬁt measures in Canadian oﬃce buildings.
Energy Build. 43(2–3), 614–620. Available at: <http://linkinghub.else-
vier.com/retrieve/pii/S0378778810003993> (accessed 30.03.11).
Chidiac, S.E. et al., 2011b. Eﬀectiveness of single and multiple energy
retroﬁt measures on the energy consumption of oﬃce buildings.
Energy 36 (8), 5037–5052.
CIBSE, 2008. TM46 Energy Benchmarks. CIBSE, London.
Costmodelling Ltd., 2011. Costmodelling works.
Davis Langdon LLP, 2010. Spon’s Architects’ and Builders’ Price Book
2011, Taylor & Francis.
DCSF, 2009. Climate change and schools, a carbon management strategy
for the school sector, London.
DECC, 2009. Carbon valuation in UK policy appraisal: a revised
approach, London.
DECC, 2010. Valuation of energy use and greenhouse gas emissions for
appraisal and evaluation, London.
DECC, 2011. Shale gas: memorandum submitted by the department of
energy and climate change.
DesignBuilder Software Ltd, 2011. DesignBuilder.
Enkvist, P., Naucle´r, T., Rosander, J., 2007. A cost curve for greenhouse
gas reduction. McKinsey Q. (1), 35–45.
Gill Bryan, Cohen, R., Stepan, P., 2011. Wider public sector emissions
reduction potential research, London.
Gluch, P., Baumann, H., 2004. The life cycle costing (LCC) approach: a
conceptual discussion of its usefulness for environmental decision-
making. Build. Environ. 39 (5), 571–580.
Gorgolewski, M. et al., 1996. Energy-eﬃcient renovation of high-rise
housing. Appl. Energy 53, 365–382.
Hammond, G., Jones, C., 2011. In: Lowrie, F., Tse, P., (Eds.), A BSRIA
Guide: Embodied Carbon the Inventory of Carbon. BSRIA,
Bracknell.
Harwood, E., 2010. England’s schools: history, architecture and adapta-
tion (informed conservation), English Heritage.
Hestnes, A.G., Kofoed, N.U., 2002. Eﬀective retroﬁtting scenarios for
energy eﬃciency and comfort: results of the design and evaluation
activities within the OFFICE project. Build. Environ. 37 (6), 569–574.
HM Treasury, 2003. The Green Book: Appraisal and Evaluation in
Central Government. The Stationery Oﬃce, London.
IAG, 2012a. Calculations toolkit – Tables 1–20: supporting the toolkit and
the guidance.
IAG, 2012b. IAG spreadsheet tool for valuing changes in greenhouse gas
emissions.
IBM, 2013. SPSS Statistics 22.
Kofoworola, O.F., Gheewala, S.H., 2009. Life cycle energy assessment of
a typical oﬃce building in Thailand. Energy Build. 41(10), 1076–1083.
Available at: <http://dx.doi.org/10.1016/j.enbuild.2009.06.002>
(accessed 29.08.12).
Mumovic, D., et al., 2009. Winter indoor air quality, thermal comfort and
acoustic performance of newly built secondary schools in England.
J. Bull et al. / International Journal of Sustainable Built Environment 3 (2014) 1–17 17Building Environ. 44(7), 1466–1477. Available at: <http://dx.doi.org/
10.1016/j.buildenv.2008.06.014> (accessed 06.03.12).
National Grid, 2008. Economics of renewable energy report: supplemen-
tary memorandum. Available at: <http://www.publications.parlia-
ment.uk/pa/ld200708/ldselect/ldeconaf/195/19508.htm> (accessed 16.
08.11).
NCM, 2011. National Calculation Methodology (NCM) Modeling Guide
(for buildings other than dwellings in England and Wales).
Ringshall, F., Miles, R., Kelsall, M., 1983. The urban school: Buildings
for education in London, 1870–1980, GlC/Architectural Press.
Scheuer, C., Keoleian, G.A., Reppe, P., 2003. Life cycle energy and
environmental performance of a new university building: modeling
challenges and design implications. Energy Build. 35(10), 1049–1064.
Available at: <http://dx.doi.org/10.1016/S0378-7788(03)00066-5>
(accessed 01.08.12).Smith, G.C., 2011. On use of architectural tools for the energy eﬃcient
retroﬁtting of schools. UCL.
Sturgis, S., Roberts, G., 2010. Redeﬁning Zero: Carbon Proﬁling as a
Solution to Whole Life Carbon Emission Measurement in Buildings.
RICS Research Foundation, London.
US DoE, 2010. EnergyPlus.
US DoE, 2013. EnergyPlus Engineering Reference, US Department of
Energy. Available at: <http://scholar.google.com/scholar?hl=en&btn
G=Search&q=intitle:EnergyPlus+Engineering+Reference#1> (accessed
04.06.14).
WRAP, 2012. Net Waste Tool.
Zhang, Y., Korolija, I., 2010. Performing complex parametric simulations
with jEPlus. In SET2010 – 9th International Conference on Sustain-
able Energy Technologies. Shanghai, China.
